Sn-Bi alloy is one of the representative low temperature type lead-free solders. However, the bonding properties of the Sn-Bi solder are not good. The reason for such properties is related to Bi microcrystallines that segregate at the interface between the solder and a Cu substrate. We found that ultrasound improves the bonding strength for the Sn-Bi alloy system solders by dispersing and miniaturizing the Bi crystals. To achieve such dispersion, we invented a novel ultrasonic soldering technique. By using this technique, ultrasound can be applied to printed wiring boards (PWB). Besides the improved bonding strength, we found that the temperature of a PWB is increased by the application of ultrasound to the PWB. Sn-58 mass%Bi solder is melted by the vibrational energy of ultrasound without other heating methods. Moreover, the interfacial layer between the Sn-58Bi solder and the Cu land is homogenized by ultrasound. Also, the interfacial layer between the Sn-8Zn-3Bi solder and a Cu land becomes thinner by ultrasound. We believe that these changes in the interfacial structure improve the mechanical properties of the solders. Therefore, ultrasonic soldering technique will improve the usability and reliability of Sn-Bi alloy system solders.
Introduction
It is the global concern that the lead (Pb) in the solders used on the wasted printed wiring board (PWB) solves out and pollutes the environment. Under the circumstances, in the industrial world, the use of the lead-free solders is being accelerated. According to the 'World Lead-free Soldering Roadmap' stated by the Japan Electronics and Information Technology Industries Association (Japan), the National Electronics Manufacturing Initiative, Inc. (United States), and SOLDERTEC at Tin Technology Ltd. (Europe), the 'complete lead elimination from products' is recommended by the end of 2005 for average companies in the electronic industry. 1) In European Union, by the directives on the Restriction of Hazardous Substances in Electrical and Electronic Equipment (RoHS), combined with the directives on Waste Electrical and Electronic Equipment (WEEE), the use of hazardous materials including lead will be banned from July 2006.
2) Because of these positions, the development of the lead-free solders and the improvement of the soldering techniques become the challenge.
The properties expected for the lead-free solders are low melting point, high bonding strength and good wettability.
Among the lead-free solders, those containing the Bi (SnBi alloy system solders) are suitable for low temperature soldering because the melting temperature is low. The melting temperature of the eutectic Sn-58 mass%Bi (Sn58Bi) solder is 138 C. However, Sn-Bi solders have also disadvantages for the mechanical (bonding) properties. They are as follows: the bonding strength is weak, the wettability on a Cu land is low and the lift-off (fillet lifting) is more frequently observed compared with other lead-free solders. 3, 4) Suganuma investigated why lift-off phenomenon occurs in a through-hole on a PWB for the Sn-Bi alloy system solders. 5) He suggested the reason as follows: the Bi-rich phase, whose melting temperature is low, are concentrated at the interface between the solder and a Cu land during cooling of the solder from its molten state; lift-off occurs not only by the thermal shrinkage of a Cu lead wire in a through-hole but also by the solidification shrinkage of the solder itself in a through-hole combined with the segregation of Bi at the interface forming a liquid.
In our previous study, we investigated the microstructure of the interface between the Sn-Ag-Bi solders and a Cu land. 6 ) By X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM), we found that the Bi atoms are segregated and that the microcrystallines of the Bi are formed at the interface. Because the microcrystallines of the Bi are brittle, we concluded that the bonding strength of the Sn-Bi alloy system solders is weak. Therefore, it was expected that the bonding strength would be increased if the microcrystallines of the Bi were dispersed and homogenized.
In the following studies, we applied ultrasound to the SnBi alloy system solders to disperse and homogenize the Bi microcrystallines. 7, 8) Ultrasound disperses and miniaturizes the crystals in the alloys. For example, ultrasound reduces the grain size of the crystals of the Si in the Al-Si alloy. The mechanism by which ultrasound affects the solders is predicted as follows: when the molten solder is cooled gradually, the Bi forms the large crystals under the equilibrium condition. As the result, the bonding strength of the solder is decreased. On the other hand, when ultrasound is applied to the solder, it is expected that the solder is solidified under the non-equilibrium condition and that, as well as dispersing and miniaturizing the microcrystallines, ultrasound promotes the nucleation of the Bi.
In those studies, we soldered two Cu plates mounted on a steel plate on a hot plate. By heating the Cu plates using the hot plate, the solder between the plates were melted. After that, ultrasound was applied to the steel plate during cooling. For the plates soldered, tensile tests were made. As the results, the bonding strength is increased by ultrasound although it was applied to the solder indirectly. In addition, by the SEM observation, it was found that the interfacial layer between the solder and the Cu land is miniaturized. Consequently, it was concluded that ultrasound disperses and miniaturizes the Bi crystals and improves the mechanical properties.
In this study, first, for pre-examination, we melted the SnBi alloy system solders by the hot air on a PWB with a quad flat package (QFP) and applied ultrasound to the PWB directly. We investigated whether the bonding strength was improved by ultrasound.
Second, we invented the novel soldering technique using ultrasound and made the apparatus experimentally. Using this apparatus, we melted the Sn-58Bi solder on a Cu land. The start of this invention was as follows: we observed that the temperature of a PWB was increased by the application of ultrasound to the PWB. We thought up that, by using this phenomenon, we could melt the solder by increasing the temperature of a PWB by ultrasound. Thus, it was expected that we could both melt the solder and improve the mechanical properties at a time if this technique would be completed.
Last, by combining this ultrasonic soldering technique and the reflow soldering using the hot air, the Sn-Bi solder was melted on a glass epoxy copper clad laminate by the hot air and applied ultrasound to the laminate during cooling. For the sample prepared by this method, we observed the structure of the interface between the solder and the Cu land by SEM. In addition, we soldered a QFP with the Sn-8Zn-3Bi solder. We observed the interfacial structure by SEM and made the peel test. This solder has been already used as the alternative material of the lead containing solder because the melting temperature of this solder (197 C) is similar to that of the eutectic Sn-37Pb solder (183 C); therefore, it is worth investigating the properties of this solder. On the basis of the results, we discussed the relationship between the mechanical properties and the structure of the solders.
Experimental

Peel strength
The reflow soldering was made for a QFP on a PWB (a glass-epoxy with Cu lands) with printed solder pastes by the hot air. The solders used were the eutectic Sn-37Pb solder (Japan Solder Manufacturing) as reference, Sn-3.5Ag-xBi solders (x ¼ 6, 20 and 40, Harima Chemicals) and Sn-58Bi solder (Senju Metal Industry). The solder pastes used in this study were made by mixing the solder with the rosin mildly activated (RMA). The PWB was fixed to the horn attached to the ultrasonic welder for plastic welding (SONAC-150, Honda Electronics). The power of the welder was 150 W and the frequency of ultrasound was 28 kHz. After the solder was heated and melted by the hot air, ultrasound was applied to the PWB during cooling from the molten state. For the samples prepared in this way, we strained the lead wire of the QFP at an angle of 45 degrees to the PWB at a speed of 50 mm/min and measured the peel strength. The measurements were made using the pull tester (Model PTR-01, RHESCA). The result was compared with that for the samples prepared without the application of ultrasound.
Development of novel ultrasonic soldering method
and measurement of temperature of PWB We invented and constructed the ultrasonic soldering apparatus. This apparatus can apply ultrasound to a PWB and increase the temperature of the PWB. The scheme is shown in Fig. 1 .
The apparatus consists of the three parts, i.e., the ultrasound applying mechanism, the impedance matching mechanism and the pressing mechanism. In the ultrasound applying mechanism, in the test model, the ultrasonic welder for plastic welding is used. In our experiments, the welder used was either SONAC-150 (150 W, 28 kHz) or SONOPET-50B (Seidensha Electronics, 50 W, 58 kHz). The transducers are made of Langevin element. Ultrasound is propagated through the horn, which is made of stainless for SONAC-150 and Al for SONOPET-50B, and applied to the PWB from its side. To hold the PWB, the tips of the horns of the SONAC-150 and SONOPET-50B are cut at rights and roundheaded, respectively. The welder and the horn can be tilted. Thus, the angle between the horn and the PWB can be changed arbitrarily. The opposite side of the PWB is supported by the impedance matching mechanism. It consists of a spring and a Teflon block. By this mechanism, the outflow of the ultrasonic energy from the PWB is suppressed and the acoustic impedance of the PWB can be matched. The ultrasound applying mechanism is mounted on an X-stage (the pressing mechanism). We can press the PWB with the horn and change the stress applied to the PWB by sliding the X-stage.
We have already applied for a patent for this ultrasonic soldering technique and apparatus. 10) We measured the temperature distribution on the surface of the PWB made from paper-phenol. The measurements were made using an infrared thermal imaging camera (ThermaCAM System CPA-7000, Chino).
Observation of interfacial structure
We observed the interface between the Sn-58Bi solder and a Cu land using the SEM (JSM-6500F, Japan Electron Optics Laboratory). In addition, the interfacial structure between the Sn-8Zn-3Bi solder (Senju Metal Industry) and a Cu land was also measured using the SEM (S-4700, Hitachi).
Two samples were prepared without and with the application of ultrasound. For one sample, the solder was melted on a PWB by the hot air and cooled naturally. For another sample, the solder was melted by the hot air, followed by the application of ultrasound using the ultrasonic soldering apparatus mentioned above during cooling. The ultrasonic welder used was SONOPET-50B (50 W, 58 kHz).
Results and Discussion
Peel strength
A QFP was soldered to a PWB with the solder pastes by the hot air. The samples were prepared without and with the application of ultrasound to the PWB during cooling. For these samples, the lead wire of the QFP was strained and the peel strength was measured. The results are shown in Fig. 2 .
First, for the Sn-37Pb solder, the peel strength was 17.0 N for the both samples prepared with and without the application of ultrasound. Thus, ultrasound did not affect the peel strength for the lead solder.
Second, we prepared the samples with Sn-3.5Ag-xBi solders. For the sample to which ultrasound was not applied, the peel strength was decreased with increasing the Bi content. This result is consistent with the general law that, the higher the content of the Bi is, the more the bonding strength is decreased. It is likely that this phenomenon is caused by the formation of the microcrystallines of Bi. The details will be explained in the following sections. On the other hand, for the sample to which ultrasound was applied, the peel strength was almost constant; it was independent of the Bi content. For the Sn-3.5Ag-6Bi and Sn-3.5Ag-20Bi solders, indeed the peel strength was a little decreased and increased by ultrasound, respectively, but it was not so changed. However, for Sn-3.5Ag-40Bi solder, the strength was increased significantly by ultrasound; the peel strength became about 1.5 times compared with that prepared without the application of ultrasound.
Last, we made measurements for the Sn-58Bi solder. The peel strength was 8.4 N for the sample prepared without ultrasound. On the other hand, when ultrasound was applied, the peel strength was improved to be 10.3 N.
From these results, we found that the decrease in the peel strength caused by the increase in the Bi content can be suppressed by ultrasound. This result agrees with that obtained in the previous study. 8) 3.2 Development of novel ultrasonic soldering method and measurement of temperature of PWB We found that the temperature of a PWB is increased when ultrasound is applied to the PWB using the ultrasonic soldering apparatus. Temperature distribution on the surface of the PWB is neither uniform nor changed monotonically with the distance from the interface between the horn and the PWB.
On this background, we measured the temperature distribution on the surface of the PWB when ultrasound was applied. Ultrasound was applied by SONAC-150 (150 W, 28 kHz). The size of the PWB was 0.105 m in length and 0.035 m in width. The temperature became stable after it reached the maximum point in a minute.
The temperature profile along the central line connecting the horn and the Teflon block is shown in Fig. 3 . In this figure, we can see that there are local maxima and minima in temperature on the surface of the PWB. The temperature profile is in the substantially sinusoidal form. Therefore, it is indicated that the standing wave is propagated in the PWB and that the vibration of the standing wave increases the temperature of the PWB.
The reason the temperature increased is probably as follows: the intermolecular friction is induced in the PWB by ultrasound. Because the PWB used in this experiment is a composite made from paper and phenol resin, the ultrasonic vibration induces the friction and collision at the interfaces between the different materials in the PWB. The friction energy is converted to heat so that the temperature of the PWB is increased. This mechanism is similar to that for the transfer welding of thermoplastics using ultrasound. 11, 12) The length between the maxima is the half of the wavelength of the standing wave on the PWB. This is based on the prediction that the position of the temperature maximum corresponds to the loop of the standing wave and the temperature minimum to the node. When the smaller PWB is used, the temperature is increased to higher point because the heat capacity is smaller. In our experiments using the ultrasonic welder of 150 W, the maximum temperature is about 150 C, which is above the melting temperature of the Sn-58Bi solder (138 C). Therefore, we expected that we could melt the Sn-58Bi solder with only ultrasound. Hence, we applied ultrasound to the PWB with the Sn-58Bi solder paste on it using this soldering apparatus. The hot air was not used. As the result, the solder was melted and spread on a Cu land. (Fig. 4) Indeed we could melt the solder using this apparatus, but, even if we wanted to apply this technique for industrial use, it would be unacceptable because there is a large deviation in temperature on the PWB. To solve this problem, we used higher frequency ultrasound. The reason is that the distance between the maxima and minima would be shortened and the deviation in temperature would become smaller because the wavelength is inversely proportional to frequency.
We measured the temperature distribution on the surface of the PWB under the application of ultrasound at a frequency of 58 kHz. Ultrasound was applied by SONO-PET-50B (50 W, 58 kHz). The PWB is made from the same material as that used in the measurement by the ultrasound of 28 kHz although the width was reduced to be 0.010 m.
The result is shown in Fig. 5 . In this case, the distance between the maxima is 0.026 m; it was 0.49 times of that measured with the application of ultrasound at a frequency of 28 kHz. This result is consistent with the ratio of the frequencies, i.e., 28/58=0.48.
From these results, it is expected that, if frequency becomes higher, the distance between the temperature maxima will become shorter and the temperature minima will be filled with the broadened peak of temperature. As the result, the temperature distribution will become uniform.
Another method to reduce the deviation in temperature on the PWB is to sweep the frequency of ultrasound or generate the ultrasounds of different frequencies using the multifrequency transducer. The mechanism in this case is as follows: the positions of the temperature maxima and minima are dependent on frequency because the distance between the maxima is inversely proportional to frequency. Therefore, we can increase the temperature at the position where the temperature was low under the ultrasound at a certain frequency by the ultrasound at another frequency. Briefly speaking, we can compensate the temperature minimum (the node of the standing wave) with the maximum (the loop).
Other method is to propagate the progressive wave. In our experiment above mentioned, the standing wave was propagated on the PWB because the impedance of the Teflon block did not match completely with that of the PWB. Therefore, if we use the block whose acoustic impedance is equal to that of the PWB, the standing wave will not be induced but the progressive wave will be propagated. Consequently, the progressive wave will induce the friction in the PWB and increase the temperature.
Furthermore, there is another problem: as the temperature is increased so that the fluidity of the flux is increased, the 2mm Fig. 4 The Sn-58Bi solder on a Cu land melted using the ultrasonic soldering apparatus. solder paste is moved by the ultrasonic vibration. Therefore, we cannot substitute the conventional methods with this ultrasonic soldering technique unless this problem is solved. One solution is to apply higher frequency ultrasound. The reason is that, the higher the frequency is, the smaller the amplitude of ultrasonic wave becomes; the solder paste will be hardly moved. This is because the amplitude of ultrasound is inversely proportional to the square of frequency. Another solution is to apply ultrasound when the solder is about to melt by the hot air after the flux was evaporated. This is because the mobility of the molten solder is small compared with that of the solder paste. In this case, the hot air is used for pre-heating. In conventional reflow soldering methods, i.e., the hot air and infrared reflow soldering techniques, the temperature of the atmosphere in the reflow oven should be increased wholly above the melting temperature of the solder. Hence, not only the solder but also the electronic devices are heated in these techniques. Contrarily, by the ultrasonic soldering technique we invented, only the PWB is heated. Therefore, if this technique is applied, we would be able to reduce the damage by heat to the electronic devices as well as save energy.
Observation of interfacial structure
First, the Sn-58Bi solder was melted on a glass epoxy copper clad laminate using the hot air without the application of ultrasound and cooled naturally. For this sample, we observed the cross-section of the interface between the solder and the Cu land by the SEM. The SEM image of the interface is shown in Fig. 6(a) . In this figure, the white part in the solder corresponds to the Bi-rich phase and gray part to the Sn-rich phase. We found that the interfacial layer is formed between the solder and the Cu land. It is thought that this layer is the solid solution or the intermetallic compounds of the Sn and the Cu.
Next, the solder was melted using the hot air and ultrasound was applied during cooling from the molten state for several seconds. The SEM image of the interface of this sample is shown in Fig. 6(b) . Comparing Fig. 6(a) with Fig.  6(b) , we can see that the eutectic phase is finer for the latter than for the former.
We analyzed the distribution of the elements around the interfacial layer by energy dispersive X-ray spectroscopy (EDX). The results are shown in Figs. 7(a) and (b) for the samples prepared without and with the application of ultrasound, respectively. For the sample to which ultrasound was not applied (Fig. 7(a) ), there is a plateau for the content of the Sn. It is possible that the precursors of the intermetallic compounds, for example, Cu 3 Sn or Cu 6 Sn 5 , were precipitated.
On the other hand, in the sample to which ultrasound was applied ( Fig. 7(b) ), it seems that the contents of the atoms are changed more smoothly around the interfacial layer. Therefore, it seems that ultrasound homogenized the atoms consisting of the interfacial layer as well as the eutectic phase. Moreover, it is possible that the contamination of the Bi atoms to the layer prevented the formation of the Sn-Cu intermetallic compounds.
Consequently, ultrasound seems to homogenize the atoms and this leads to the improvement of the bonding strength of the solder.
Subsequently, we used the Sn-8Zn-3Bi solder. First, the solder paste was melted on a PWB (a glass-phenol with Cu lands) using the hot air and cooled naturally. The SEM image of the interface of this sample is shown in Fig. 8(a) . We can see that the interfacial layer is formed between the solder and the Cu land; the thickness of the layer is about 6 mm. It is thought that the layer consists of the Cu-Zn compounds. 13) Next, the solder paste was melted using the hot air and ultrasound was applied during cooling from the molten state. The SEM image of the interface is shown in Fig. 8(b) . In this image, we found that the thickness of the interfacial layer is about 3 mm; the layer is thinner than that of the sample without the application of ultrasound.
For the mechanical properties of the solders, it is preferable that the interfacial layer is thinner as possible in general. This is because if the interfacial layer becomes thicker, the layer cracks more easily. In addition, for the leadfree solders containing Zn, the Zn in the interfacial layer reacts with the water in the air under a humid atmosphere, followed by increase in thickness of the layer. This causes the breaking of the connection between the solder and a Cu land. This is the present problem. Therefore, it was predicted that the bonding strength was improved by ultrasound. To confirm this prediction, we measured the peel strength for the both samples prepared without and with the application of ultrasound. For each sample, the measurements were made for five lead wires. The results are shown in Fig. 9 . For the sample to which ultrasound was not applied, the averaged peel strength is 1.1 N whereas 1.5 N for the sample to which ultrasound was applied.
On the basis of these results, it is concluded that the bonding strength for the Sn-8Zn-3Bi solder is improved by ultrasound because it suppresses the formation of the interfacial layer. It seems that ultrasound homogenizes the Cu-Zn compounds and prevents the formation of the interfacial layer. This mechanism is similar to that observed in the alloys mentioned in the introductory section.
Because the content of the Bi in this solder is low, the effect to the Bi is unclear. However, it seems that the Bi was also dispersed and homogenized by ultrasound. 
Summary
The mechanical properties of Sn-Bi alloy system solders are improved by the application of ultrasound to the soldered materials. This is most likely caused by the homogenization and/or thinning of the interfacial layer between the solder and a Cu land by ultrasound.
Moreover, it is expected that ultrasound suppresses the segregation of the Bi in the Sn-xBi solders whose Bi content is below 21 mass% so that the lift-off will not occur. 5) We invented the novel ultrasonic soldering technique. Indeed it is necessary to find the best condition for practical application, but this technique will make it possible to both melt the solder and increase the bonding strength at a time.
This technique is especially suitable for low temperature soldering; it will contribute to the soldering of the hybrid devices that suffer damage from heat, for example, such as a quarts crystal, or a CCD device with plastic lenses. Hence, the technique will improve the usability and reliability of the lead-free solders as well as contribute to energy saving. Novel Ultrasonic Soldering Technique for Lead-Free Solders
